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Muscle fatigue has been identified as a phenomenon distinct from muscle weakness in people with multiple sclerosis [11] . Muscle fatigue, which can also be described as poor muscle endurance, can result in functional problems. One example of a functional deficit that is clearly caused by muscle fatigue is the development of foot drop after walking some distance. When a patient presents with a disability caused by poor muscle endurance, one intervention that could be offered would be a muscle endurance exercise program. There is inadequate research available to determine whether a muscle endurance exercise program will improve function for a person with multiple sclerosis.
Muscle fatigue in individuals with MS could be caused by changes in the ability of the central nervous system to activate the muscles due to the pathology, or it could be caused by peripheral changes in the muscles secondary to decreased activity level. A decrease in the force-generating capacity of a muscle with repeated contractions caused by failure of neural drive to the muscle is called central fatigue (CF) . Several studies provide evidence that the muscles of people with MS have CF. Latash et al. [7] found that when electrical stimulation was superimposed over voluntary contractions of the quadriceps muscle of people with multiple sclerosis, that there was often a greater increase in torque with stimulation as the muscle fatigued. This phenomenon was not observed in healthy control subjects. The increase in torque caused by superimposition of electrical stimulation over a maximum voluntary contraction indicates that the muscle has the capacity to generate more torque, but voluntary muscle performance is limited by problems with central activation. Sheean et al [12] used a similar methodology with the adductor pollicis muscle and also found evidence of central fatigue for subjects with MS. Kent-Braun et al. [4] 4 found, using superimposed electric stimulation on the dorsiflexor muscles of 6 subjects with MS, that 3 had central fatigue and the other 3 did not. If muscle performance is limited directly by the pathology of MS, it is not clear whether it will be improved by an endurance exercise program.
On the other hand, numerous studies have shown that people with MS are likely to have peripheral changes due to deconditioning. [5, 6, 8, 14] If poor muscle endurance is due to deconditioning, one would expect improved endurance as a result of participation in an endurance exercise program. Peripheral fatigue (PF) is the term used to describe the decrease in the force-generating capacity of a muscle with repeated contractions caused by changes within the muscle that are typically associated with deconditioning.
Given the variability in the location of the sclerotic plaques and the pattern of decreased activity among individuals with MS, it would not be surprising to find varying degrees of central and peripheral fatigue in each muscle. It is possible that the amount of improvement in muscle endurance that an individual with MS can achieve is dependent on the degree to which the activation of that particular muscle is limited by central fatigue caused by MS.
Only three studies were found in the literature that addressed the effect of exercise on muscle endurance/ fatigue in people with MS. One study, which reported only averages across the 10 subjects, reported improved endurance among leg muscles but not arm muscles [2] . The other two studies reported that some subjects with MS experienced improved muscle endurance with exercise, and others did not. [13, 10] . One of the studies noted a trend that those with more severe disability were least likely to gain from exercise [10] .A recent systematic literature review 5 concluded that for people with MS, exercise improves exercise tolerance functions as well as muscle power and mobility-related activities [9] . However, previous studies of the effect of endurance exercises on people with MS did not identify whether the muscles that were found to have improved had been directly affected by MS. If individuals who are more disabled are less likely to improve, as Shapiro reported, [10] then one might expect that parts of the body that are displaying muscle fatigue secondary to MS that is severe enough to interfere with daily activities will be less likely to improve with exercise, and yet poor muscle endurance that interferes with daily function is exactly the type of impairment for which a patient is likely to seek physical therapy. Undertaking an endurance exercise program takes time, effort, commitment, and resources. It would be useful to be able to predict for an individual with MS whether he or she is likely to improve with exercise.
There were several purposes of this pilot study: 1) to determine if exercise would result in improvement in endurance for muscles that have severe enough fatigue secondary to MS that they limit daily activities;2) to determine if improvement in muscle endurance through isolated exercise of the dorsiflexors would carry over to improved walking among individuals with MS who report that their walking distance was limited by foot drop; and 3) to determine if the amount of CF in the muscle, as determined by superimposed electrical stimulation during a muscle endurance test, could be used to predict whether a client's muscle endurance can be substantially improved through participation in a muscle endurance exercise program. We hypothesized that subjects who have a greater proportion of central fatigue would have less improvement in muscle endurance and function following a muscle endurance exercise program. 6 
Methods

Subjects
Five individuals with multiple sclerosis who reported the onset of foot drop in a least one foot after walking some distance participated. Inclusion criteria were that they must be able to walk at least 10 meters with or without assistive devices, but without an ankle-foot orthosis or human assistance, and they must be able to give informed consent. Subjects were excluded if they had an exacerbation within the three months prior to the study, if they were unable to generate a measurable force with their dorsiflexors or achieve neutral dorsiflexion passively, or if they did not have at least 10 degrees of passive excursion of the ankle. The procedure was performed on both legs of each of the five subjects. The subjects with MS included 2 females (ages 42 and 55) and 3 males (ages 37, 52, and 59). Other information about the subjects with MS is provided in Table 1 .
Five individuals with no known neurologic pathology and with no ankle impairments, who matched the subjects with MS in terms of age and gender, were recruited. There were three purposes for including healthy controls: to determine if healthy individuals could fully activate the tibialis anterior muscle performing this protocol, to test the reliability of the torque measurements on the Biodex when our protocol was used,and to compare the magnitude of change in muscle endurance for subjects with MS to that achieved by individuals without MS.
One of the control subjects had to quit before completing the study due to job relocation. All subjects signed an informed consent form approved by the Institutional Review Board. 7 
Instrumentation
The Ashworth Scale of Muscle Spasticity [1] and the Incapacity Status Scale (ISS) [3] were used to collect descriptive information about the subjects with MS (see table 1 A pretest-posttest design was used. On the initial visit, subjects were asked questions about the history of their disease, whether they had used an AFO, and how far they could walk before they had to stop because of their foot drop. The ISS was administered. Passive range of motion, muscle strength and spasticity were measured.
Pretests and posttests for the healthy control subjects consisted of 5 sessions of the muscle endurance protocol described below. Performance was tested 5 different times in order to capture the variability that occurred for each subject to enable a single subject design to be used for evaluating changes. Pretests and posttests for the subjects with MS consisted of 5 sessions of the muscle endurance protocol and 5 sessions of the walking protocol described below. An attempt was made to alternate walking and muscle endurance protocols so that these tests were performed over the same time span; however, occasional deviations from the alternation pattern occurred due to problems with availability of the testing area. At least 48 hours of recovery time was allowed between any two pretests or posttests.
Muscle Endurance Protocol
Muscle endurance testing was performed isometrically with the ankle at 5 o of plantarflexion.
An ICC was used to determine the reliability of this set up for measuring dorsiflexor torque output, based on the 5 pretest values for each leg of the healthy control subjects. The reliability was found to be .92. Each subject was given two trials of 5 second maximum voluntary contractions (MVC) with a three minute rest in between. Electrodes 2.8 cm in diameter were 9 applied to the anterior tibialis. The Grass stimulator was set to emit a 10 ms train of 0.6 ms pulses at 100 hz. Electical stimulation was applied to the anterior tibialis with a 60 second rest between each stimulation. Intensity was gradually increased until the torque output stopped rising with an increase in intensity. The intensity was set one unit above the point at which the torque plateaued. After another 3 minute rest, the subject was asked to perform a third MVC, and during this MVC a supramaximal stimulation was applied.
After another 3 minute rest, the endurance test was initiated. A target line was placed on the screen representing 60% of the highest MVC the subject produced that day. The subject was asked to perform repeated isometric contractions of the dorsiflexors at 60% MVC with a 7 second on, 3 second off cycle. When 2 consecutive repetitions occurred in which the subject was not able to achieve the 60% target for at least 0.5 seconds, the subject was asked to generate an MVC. During each MVC, electrical stimulation was superimposed at the previously established supramaximal intensity. Torque output was recorded continuously on the Biodex. For the posttests, 60% of the mean pretest MVC for each leg was used as the target.
Walking Endurance Protocol
The distance each subject could walk was measured on 5 separate days pre-intervention and 5 separate days post-intervention. Subjects were instructed to walk at their usual pace, and to inform the investigator walking beside them when they started developing symptoms that would ordinarily cause them to stop walking, such as fatigue, or feeling unstable due to foot drop. An electrogoniometer and footswitches were used to record the amount of dorsiflexion at the point 10 that the foot made initial contact with the floor for each step. Time spent walking was recorded using a stopwatch.
Exercise Protocol
Each subject underwent an 8 week program, exercising the anterior tibialis of each leg 3 times a week using the following protocol. The highest MVC of 3 attempts for the day was recorded at the beginning of each session for each leg. A target line was placed on the feedback monitor of the Biodex indicating a torque output 60% of the maximum for that day. Subjects then performed 10 repetitions of isometric dorsiflexion, with the ankle in 5 o of plantarflexion, with visual feedback to maintain a torque output at 60% MVC for 7 seconds followed by a 3 second rest. A total of 4 sets of 10 repetitions, with 2 minute rest breaks between sets, were performed during each session.
Data Analysis
Muscle endurance was defined as the number of repetitions the subject could perform before s/he was unable to achieve at least 60% of the maximum voluntary contraction (MVC) achieved on the pretest for at least 0.5 seconds for two consecutive repetitions. Improvement in muscle endurance was the difference between the mean number of repetitions performed on pretest and the mean number of repetitions performed on the posttests after the 8 week exercise program.
Wilcoxon rank sum tests were done on the number of repetitions successfully performed pretest 11 vs post-test for each subject to determine if there was significant improvement in muscle endurance for that subject.
Central activation failure (CAF) was defined as (force increment/stimulated MVC force) X 100, where the stimulated MVC force was the maximum amount of force produced when a supramaximal electrical stimulation (SES) was superimposed over a maximum voluntary contraction (MVC), and the force increment was the difference between the stimulated MVC force and the maximum force that the subject could produce voluntarily in the absence of electrical stimulation. During each test session CAF was determined during the initial MVC and again when the subject had fatigued. Central Fatigue (CF) was the increase in central activation failure that occurred when the muscle exercised to the point of fatigue. The point of fatigue was determined by the inability to achieve 60% of the baseline MVC for at least 0.5 seconds for two successive repetitions. The relationship between CF and improvement in muscle endurance was tested with a Spearman correlation coefficient.
Changes in distance that a subject could walk before needing a rest were assessed for each subject using Wilcoxon rank sum tests. The synchronized records of the footswitches and electrogoniometer were used to determine the angle of the ankle at the point of initial contact for each step. Differences between pretest and posttest angles of the ankle at initial contact were evaluated for each subject separately using t-tests. The significance level for all tests was set at = .05. Table 2 shows the pretest and posttest MVC's expressed as a percentage of bodyweight and the change in the MVC from pretest to posttest. It also shows the pretest and posttest endurance in # of repetitions and the change in the # of repetitions from pretest to posttest. An asterisk indicates that the change was significant based on a two-tailed Wilcoxon rank sum test.
Results
The strength of the dorsiflexors, as measured by the MVC, was significantly greater for the age and gender matched controls in every case but one. The exception was the female in her mid 50's. While the exercise protocol was designed to increase endurance rather than strength, there was a significant improvement in strength in two legs of persons with MS, and in one leg of a healthy control subject.
Endurance improved in 5 out of 8 legs of control subjects. The male control subject in his 50's experienced muscle cramping during some of the post-test sessions, causing him to decrease his torque output prematurely on those days. The female control subject in her 50's had a substantial increase in her mean number of repetitions in the right leg, but the difference was not significant because of the variability in her performance. Of the 5 subjects with MS, 2 had dramatic improvement in the endurance of both their leg with foot drop and their leg without foot drop, and the other 3 had no significant change in the endurance of either leg. Table 3 shows the initial CAF, the amount of CAF when the subject's muscle had been fatigued to the point of not being able to voluntarily generate 60% of the muscle's MVC, and the CF.
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These values are reported at pretest and posttest. The change from pretest to posttest is reported, and an asterisk is used to indicate if the change is significant. None of the control subjects had CAF, and therefore they are not included in this table. All of the subjects with MS had some amount of central activation failure in their leg with foot drop and, in most cases, their leg without foot drop. One subject with MS demonstrated a significant decrease in CAF from pretest to posttest, and another subject demonstrated a significant increase in CAF from pretest to posttest in the involved leg. In a few cases CF was negative, indicating that the subject had more difficulty fully activating the leg at the beginning of a bout of exercise than when fatigued.
For the dorsiflexors of subjects with MS, there was not a significant correlation between pretest CF and improvement in endurance (r=-0.07). There was also not a significant correlation between pretest initial CAF and improvement in endurance (r=0.12).
Data from the walking protocol are presented in table 4. Subjects MS2 and MS3 had significant improvement in their walking endurance, and MS2 also had significant improvement in his walking velocity as measured during the pretests and posttests. MS2 reported that he had increased the number of holes he could walk on the golf course. Although MS1 did not significantly increase his walking distance as measured on the indoor track, he reported that his community walking distance increased from 3 blocks to 6 blocks. Analysis of the data from the electrogoniometers and footswitches indicated that MS1 and MS2 had significant increases in the amount of dorsiflexion in the FD leg at initial contact. Other subjects had differences in dorsiflexion at initial contact that were less than 2 o , which we judged to be clinically insignificant.
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Discussion
The results of this study suggest that for some individuals with MS, muscle endurance can improve with exercise despite the fact that MS is reducing the patient's ability to centrally activate the muscle. On the other hand, 3 of the 5 subjects in this study did not experience significant improvement with exercise. One purpose of this study was to determine if good candidates for an exercise program could be predicted based on a test that could be performed prior to initiating the exercise program. We hypothesized that muscles with large amounts of central fatigue, indicating that the poor endurance was due to central factors, would not improve with a standard muscle endurance exercise program. This hypothesis was not supported by the data. Some subjects had a high proportion of CAF on their initial unfatigued MVC's, which would indicate that activation of the muscle was limited by the pathology of MS, even though they did not have very much CF. There was no correlation between the initial CAF and the amount of improvement, suggesting that the extent to which MS was directly limiting function of the muscle did not correlate with the ability of the muscle to respond to the exercise program provided in this study.
There was a significant decrease in CAF from pretest to posttest for one subject who achieved substantial improvement in endurance of his dorsiflexors on the leg that experienced foot drop.
A decrease in CAF means that the central nervous system is able to activate the muscle more fully. This suggests that either there was a remission of the disease, or the central nervous system relearned how to activate the muscle using alternate pathways. The subject had exacerbating and remitting MS, but had not experienced an exacerbation for over a year. It is 15 therefore unlikely that the improvement in CNS function was a result of remission. While it is not surprising for improved function for an individual with a central nervous system disorder to occur through changes in the central nervous system, the exercise program in this study was designed to impact endurance at a peripheral level. Subjects were performing 4 sets of 10
repetitions of an isolated isometric contraction, in a nonfunctional context. However, in order to have the subjects exercise at 60% of their maximum voluntary contraction, subjects were given a target line on a monitor so that they would know how hard to pull to achieve the 60%. This feedback on their performance may have enabled them to learn alternate pathways for accessing the muscle. It is possible that the availability of visual feedback of torque output was critical to the ability of subjects to learn alternate, more effective methods of activating their muscles.
Future research should investigate the effectiveness of endurance training with feedback compared to endurance training without feedback for people with MS and use superimposed electrical stimulation to determine the extent to which improvement is a result of central versus peripheral changes.
Three of the four legs of subjects with MS that experienced significant improvement in endurance did not have significant changes in CAF, and the leg of MS2 that did not have foot drop actually had a significant increase in CF. These findings suggest that there are different mechanisms by which individuals with MS may increase their endurance. Some may increase their muscular endurance through a training effect that primarily reduces peripheral fatigue.
Others may learn to access their muscles through alternate routes in the CNS, thereby increasing their ability to generate torque with that muscle. Some may improve by improving both central and peripheral factors.
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Our results from these 5 subjects with MS suggest that neither CF nor CAF is an adequate predictor of whether or not an exercise program will be effective. Other variables need to be considered. The fact that two subjects had significant improvement in both their leg with foot drop and their leg without foot drop, while the 3 other subjects did not achieve significant improvement in either leg, suggests that a better predictor might be a feature of the person, not of the influence of MS on a particular muscle. A review of the demographic information collected for these subjects (see Table 1 ) suggests a trend towards more success for subjects who were more recently diagnosed. Other variables such as gender, age, course of the disease, ISS score, muscle grade, and use of AFO do not appear to differentiate the more successful from the less successful subjects.
The two subjects who had the greatest improvements in muscle endurance also had improvements in their ability to walk. One of the subjects improved his reported community walking distance as well as walking significantly farther in the lab. The other did not improve the distance walked on the smooth surface in the lab, but doubled the distance he walked on the uneven sidewalks of center city. Both of the subjects who had significant improvements in muscle endurance showed significant improvement in the angle of their ankle during walking.
The fact that the subjects who had significant improvement in dorsiflexor muscle endurance had improvements in walking performance suggests that interventions that work on isolated dorsiflexor endurance and control can carry over to functional walking.
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Conclusions
The results of this pilot study suggest that improvement in muscle endurance for people with MS can result from either peripheral or central changes, and that the degree of central fatigue in a muscle may not be a good predictor by itself of whether the individual will improve with exercise. The results also provide evidence that exercising an isolated muscle on an exercise machine can result in functional improvements in walking for people with foot drop secondary to MS. Further research is needed to determine the best predictors of who will benefit from exercise and who will not, who will improve as a result of central changes and who will improve as a result of peripheral changes, and what type of intervention is optimal for achieving central changes vs. peripheral changes.
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